Abstract. The traditional method for post-weld quality inspection is visual testing by people. Major limitations of this method are the subjectivity of judgments and time required to perform the inspection. With the increasing use of laser welding in the automotive industry, the manufacturers are struggling with the challenge to automate the quality inspection process. This paper discussed the automatic post-weld quality inspection technology by computer vision sensing for mono-thickness tailored blanks of CO 2 laser welding. A visual sensor was developed for acquiring the original image of the weld seam. The sensor consists of a PC based vision camera and a stripe-type laser diode. An image processing algorithm was presented to detect the geometrical defects of the weld seam. Some experiments are carried out and some applications are given.
Introduction
These days, applications of laser welding are spreading in many industrial fields [1] . The most famous and widely used laser welding application in automotive industry is the welding of tailored blanks. With the development of laser tailored blank welding, an automatic post-weld quality inspection system is required to be developed for quality inspection of tailored blanks.
In post-weld inspection system, the sensor is one of the most important factors. Many researchers have been done to explore the best sensor for weld seam inspection. The laser-based ultrasonic sensor [2] , vision sensor [3, 4] , electromagnetic sensor [5] has been used in this field. Among these sensors, laser-based vision sensor [6] [7] [8] has a number of advantages relative to other sensors which include efficiency, relatively little operator required, and simple low-cost equipment.
In traditional laser-based vision sensor, a camera with a suitable narrow band filter is employed to pick up the laser stripe, the feature points of the laser stripe will be extracted and the geometrical defects of the weld seam could be measured. However, when inspecting butted-together metal sheets of mono thickness or the back side of the weld seam, there is no jump in thickness occurs on the laser stripe, so it is difficult to extract the feature points of the laser stripe and difficult to detect some defects of weld seam only by the laser stripe.
In this paper, a vision sensor is investigated for quality inspection of CO 2 laser welding. The laser stripe is recorded to detect the three-dimensional defects of the weld seam and a grey-level image is also recorded as an assistant for extracting the feature points of weld seam.
Post-weld quality inspection system description System overview. The overall visual quality inspection system is composed of two visual sensor devices which for both sides quality inspection of the weld seam, a master computer and a remote computer. The purpose of this system is to acquire the 3D profile information of the weld seam from vision sensor. The sensor device consists of a laser diode that operates at a wavelength of 660nm with a maximum output power of 100mw, a CCD camera, a LED light and a spatter shield. In process of laser weld, one visual sensor device is equipped behind of the welding torch and the other is equipped below the work piece perpendicular to the weld seam. All the work of image processing is performed in the master computer which is an industrial computer. The remote computer is used for monitoring and data management. Fig. 1 shows the various components of the system and their relationships. Visual sensor device. The sensor operates on the principle of active triangulation ranging. The diode laser line is projected under a certain angle on the seam to be observed. A small beam size of the laser diode is required due to the narrow seam of the tailored blanks in the laser welding. The wavelength of CO 2 laser is 10.6um which is higher than the spectral response wavelength of the CCD camera, so a filter could not be used. The laser stripe including the grey-level information of the image could be obtained by the CCD camera simultaneously with the briefest possible continuum illumination made by a LED light. Mechanical shielding and increased output power of laser diode are used in order to reduce the impacts of the strong laser light, smog and splash in the process of welding. The vision sensor is assembled into a compact module which can be attached to the back of the welding torch.
Image processing
The grey-level image with a laser stripe recorded by the sensor is passed to the master computer to detect the defects. The procedure of the image processing includes image pre-processing, feature extraction and defects calculation. Image pre-processing. The main purpose of image pre-processing is to remove the noise and to acquire the center line of the laser stripe with high accuracy and reliability.
Firstly, a window called ROI (region of interest) is set in order to speed up the rate of image processing. The window could be confirmed according to the first captured image because the laser strip has a stable position in these images during linear seam welding. After the first image being captured, add together the gray value of the pixels which are projected on to the same point in both sides of the image. It is given by Eq. 1.
Where L and W are the image length and width respectively, I(i, j) is the gray value of the pixel in coordinate (i, j) . The center of ROI window is decided by the extreme value point of SW i and SL j . Length and width of the window are chosen according to actual demands.
Secondly, the laser stripe and grey-level image are both included in the ROI window, so a threshold value is adopted according to intensity distribution of the ROI for image segmentation in order to extract the laser stripe.
Thirdly, the efficient median filtering method is used for removing random noise mixed in the image and to maintain image sharpness. Conventionally, many researchers use edge detection to extract the profile of the laser stripe. In this application, the question is solved by choosing an 
Fourthly, the morphology processing algorithm of erosion and dilation are adopted for the binary image obtained to remove the noise around the laser stripe.
Finally, the average location between the upper edge and the lower one is regarded as the middle line of the laser stripe. Feature extraction. In laser tailored blank welding, butt joints of mono-thickness blanks and bi-thickness blanks are usually used. The points A and B shown in Fig. 2 are selected as feature points to detect geometrical defects. For bi-thickness blanks, jump in thickness on the laser stripe will occurs and the feature points can be extracted according to this. However, when welding butted-together metal sheets of equal thickness to form "tailored blanks", there is no jump in thickness occurs on the laser stripe. So the grey-level image is adopted as an assistant to extract the feature points. The sum of intensity on horizontal line is calculated and the feature points are extracted according to the two local lowest intensity position.
Fig. 2 Feature points and geometrical defects of weld seam
Defects Calculation. There are some geometrical defects can be inspected such as bead width, mismatch, weld slope and concavity of the weld seam which are defined in ISO limits. Fig. 2 shows the definition of these defects. These defects are calculated as follows:
Bead width is the distance between feature point A and B. Mismatch is the difference in height of the two work piece surfaces being welded. It can be calculated by the distance between two base lines which are extracted by linear fitting of centerline of the laser stripe.
Weld slope can be calculated by the quotient of mismatch and bead width. Concavity is the under fill of metal in the weld metal causing the weld surface to be below flush with the work piece surfaces. It can be calculated by the maximum distance between the centerline of laser stripe and line AB.
Experiment results
Experiments of post weld quality inspection for back side weld seam of CO 2 laser tailored blanks were conducted. Fig. 3(a) shows the original image of weld seam, which includes the laser stripe and grey-level image of the weld seam. In Fig. 3(b) and Fig. 3(c) , the sum of intensity on vertical line and horizontal line are shown, which for setting the ROI window. The left and right border point of the weld seam is identified by searching local extremes of the sum intensity on horizontal line as the feature points. The procedure of image processing is shown in Fig.4 as follows: the image in ROI is shown in (a). The laser stripe segmented from ROI window is shown in (b). The result of median filtering and the morphology processing of the binary image are shown in (c) and (d).
Then, the center line of laser stripe could be extracted. The center line with two extracted feature points is shown in Fig. 5 .
The geometrical defects of weld seam can be calculated by the laser strip with calibration scale transform, the results of defects detected are shown in Table 1 . 
Conclusions
A visual inspection system for tailored blanks of CO 2 laser welding using laser stripe and grey-level image has been investigated in this paper. The geometrical defects such as bead width, mismatch, weld slope and concavity are detected for tailored blanks of mono thickness by reliable image processing algorithm. Experiments are done and validate the effectiveness of the method. Besides the geometrical defects, the algorithm for detecting local defects such as pinholes, porosity and incomplete penetration of the weld seam by grey-level image will be discussed in the future work to assure the quality of the weld seam.
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